The location and orientation of a linear dye molecule, DODCI, in lipid bilayer membrane were determined by the effect of viscosity and refractive index of the aqueous medium on the fluorescence properties of the dye bound to the membrane. The membrane-bound dye is solubilized in two sites, one near the surface (short fluorescence lifetime) and another in the interior of the membrane (long lifetime). The ratio of the dye in the two locations and the orientation of the dye (parallel or perpendicular to the membrane) are sensitive to the lipid chain length and unsaturation in the alkyl chain. The fraction of the dye in the interior region is higher for short alkyl chains (C12 s C14 s C16EC18WC20) and in unsaturated lipids (C14 :1 s C14:0, C16:1 s C16:0). These experimental results are consistent with the general principle that the penetration of an amphiphilic organic molecule into the interior region of the membrane is more when the structure of the bilayer is more fluid-like. ß
Introduction
Small molecules are often used to probe biological environments. The use of spin labels and £uorescent probes are some of the well-known examples of the use of small molecules in the study of biological systems. To understand the mechanisms of di¡erent processes involving the small molecules and/or to make use of these small molecules in the study of biological systems, one needs to know the location and orientation of these molecules in the biological systems. The location, orientation and dynamics of small molecules in lipid bilayer membranes and the way the lipid molecules modify the structure and dynamics have been the subject of many studies.
Fluorescent probe molecules are commonly employed to understand the structure and dynamics of biological membranes in relation to membrane related functions [1^6] . Most of these molecules are lipophilic in nature and are preferentially solubilized in lipid bilayer membranes. The location and orientation of these small molecules in a lipid bilayer membrane have been the subject of numerous studies [1,4,5,7^26] . A novel method used recently is the effect of refractive index and viscosity of the aqueous medium on the £uorescence lifetime of the membrane-bound £uorophore which can reveal the location of the £uorophore in the membrane [27] and the orientational distribution [28] . Here we address the e¡ect of lipid parameters on the location and orientation of linear molecules in a lipid bilayer membrane with the help of the e¡ect of aqueous phase parameters on the £uorescence lifetime of the membrane-bound £uorescent molecule.
The aqueous phase parameters such as viscosity and refractive index a¡ect the £uorescence properties of the membrane-bound dye [20,22,27^29] . Increasing viscosity increases the £uorescence lifetime by decreasing the non-radiative rate whereas increasing the refractive index decreases the lifetime by increasing the radiative rate. Hence, viscosity and refractive index have opposite e¡ects on the £uorescence lifetime of a membrane-bound dye. Viscosity e¡ect is based on the collisional mechanism and hence this is the predominant e¡ect for the dye molecules located near the surface of the membrane which are exposed to the aqueous phase. Refractive index e¡ect is purely optical and is dominant for the probes located in the core/interior region of the bilayer. These two e¡ects were used to determine the location and orientation of linear molecules in lipid bilayer membranes [27, 28] . It has been shown that the dicarbocyanines such as DODCI, cationic dye, is partitioned between aqueous and membrane phase and the £uo-rescence spectra and lifetimes in the two phases can be separated by a new method called spectrally constrained global analysis [29] . It was shown that the membrane-bound dye exists in two di¡erent locations, one at the surface/interface and the other in the core/interior region of the bilayer [27] . The dye in the core/interior region exists in two di¡erent orientations, one parallel to the lipid chains and the other parallel to the membrane surface [28] . In this paper, we report how the lipid parameters such as the lipid chain length and unsaturation a¡ect the distribution of DODCI between surface and interior regions of the bilayer, and the change in the ratio of the two di¡erent orientations in the interior region of the bilayer.
Materials and methods
Fluorescence measurements were carried out on DODCI (3,3P-diethyloxadicarbocyanine iodide; Exciton, USA) incorporated in the vesicles made up of di¡erent lipids C12:0 (DLPC, dilauroylphosphatidylcholine), C14:0 (DMPC, dimyristoyl PC), C16:0 (DPPC, dipalmitoyl PC), C18:0 (DSPC, distearoyl PC), C20:0 (DAPC, diarachidoyl PC), C14:1 (dimyristoleyl PC) and C16:1 (dipalmitoleyl PC). The nomenclature used here in representing a phosphatidylcholine (PC) lipid is as follows. The lipid is represented as Cx:y where x represents the length of the alkyl chain and y represents the number of double bonds in the alkyl chain. The single double bond in the alkyl chain of some of the lipids (C14:1 and C16:1) is at the 9th position and is of cis type. The lipids were purchased from Avanti Polar Lipids (USA). Fig. 1 shows the structure of the dye DOD-CI. The single exponential £uorescence lifetime of DODCI in ethanol is 1.07 ns. Fluorescence experiments were carried out on the dye incorporated in sonicated vesicles prepared in seven aqueous sucrose solutions ranging from 0% to 44.4% w/w. The sonicated liposomes were prepared in pH 4.3 bu¡er (10 mM CH 3 COONa, 10 mM NaH 2 PO 4 , 10 mM MES (2-[N-morpholino]ethanesulfonic acid) and 150 mM NaCl) as described in [30] . Here sucrose is used to vary the viscosity and refractive index of the aqueous medium. Increasing the sucrose concentration from 0% to 44.4% (w/w) increased the refractive index from 1.334 to 1.413. At the same time, the relative viscosity of the aqueous solution increases from 1 to 10.74. The lipid concentration used in these experiments was about 0.1 mg/ml (0.14 mM). The dyes were added from the stock solution made in ethanol to the vesicles and kept overnight. The ¢nal samples contained less than 1% v/v ethanol. The dye to lipid ratio was kept at approx. 1:500.
The steady state £uorescence intensity and anisotropy measurements were made using either a Shimadzu RF540 or a SPEX Fluorolog 1681 T format spectro£uorophotometer. The time resolved £uores-cence measurements were made using a high repetition rate (800 kHz) picosecond dye laser (rhodamine 6G) coupled with time correlated single photon counting (TCSPC) setup described elsewhere [31, 32] , currently using a microchannel plate photomultiplier (Hamamatsu 2809). The time resolved £u-orescence intensity and anisotropy measurements were made at long wavelengths of excitation (580 nm) and emission (690 nm) to avoid the contribution from the dye present in water as described before [27, 29] . The sample was excited with vertically polarized light and the £uorescence decay was collected with emission polarizer kept at magic angle (W54.7³) with respect to the excitation polarizer for measuring lifetimes. For the anisotropy measurements, the £uorescence intensity decays were measured with the emission polarizer set at parallel or perpendicular orientation with respect to the excitation polarizer. Geometry factor (G-factor) for the TCSPC setup was determined by the tail matching method using DODCI in ethanol for which the rotational correlation time (0.25 ns) is much faster than its £uorescence lifetime (1.07 ns). The instrument response function (IRF) was recorded using a nondairy creamer scattering solution. The full width at half-maximum (FWHM) of IRF is about 200 ps. Typical peak count in the emission decay for £uo-rescence intensity and anisotropy measurements was about 10 000. Time per channel was 37.84 ps.
The experimentally measured £uorescence decay data, F(t), are a convolution of the instrument response function, R(t), with the intensity decay function, I(t):
where N is the shift parameter. In discrete exponential analysis, the intensity decay function is represented as a normalized multi-exponential as
where K i and d i are the amplitudes and the lifetimes with g i K i = 1. The parameters of the decay function I(t), namely, K i and d i were determined using experimentally determined F(t) and R(t) by iterative deconvolution procedure using Levenberg-Marquardt algorithm for optimization of the parameters [31, 33, 34] . The goodness of ¢t of experimental F(t) and calculated F(t) is judged by the M 2 value (close to 1) and the random residual distribution. The precision of the values of the lifetimes and amplitudes was improved by global analysis of at least six £uores-cence decays for each sample, each decay having 10 000 counts at the peak [31, 35] .
The time resolved anisotropy decay r(t) was calculated using the parallel (I N (t)) and perpendicular polarized (I P (t)) intensity decays as
where G is the G-factor for the TCSPC setup. The polarized intensity decays I N (t) and I P (t) were obtained by deconvolution procedure from the experimentally measured polarized £uorescence decays F N (t) and F P (t) with the instrument response function R(t).
Determination of order parameters
2.1.1. Order parameter from £uorescence lifetime measurements The radiative rate of a linear £uorescent molecule in bilayer membrane is given by [20, 36] k r 4g
where g is the circular frequency of £uorescence light, G is the Planck's constant, c is the speed of light, f is a factor which accounts for the di¡erence between the local electric ¢eld experienced by the dye and the macroscopic ¢eld inside the layer, W is the matrix element of the emission electric dipole operator, n 0 and n 1 are the refractive indices of the aqueous medium and the bilayer, and a is the angle between the molecular emission dipole and the normal to the surface of the bilayer. This equation is based on an isotropic refractive index (n 1 ) for the bilayer membrane. The e¡ect of anisotropy in the index of refraction (birefringence) of the bilayer, if any, is assumed to be negligible. If k nr is the non-radiative rate (experimentally determined) then £uorescence lifetime is (k r +k nr ) 31 . The £uorescence decay of the molecule is faster (lifetime decreases as a result of the increase in the radiative rate) with the increase in the refractive index of the aqueous solution which is experimentally observed for a few linear molecules such as DODCI [20,27^29] . If P(a) is the orientational distribution of the linear molecules with respect to the membrane normal, the second rank order parameter GP 2 (cosa)f d can be determined from the variation of k r ( = d 31 3k nr ) with n 0 and from Eq. 4 [20] as The subscript d indicates that the order parameter is determined from the lifetime data. The refractive index of the membrane n 1 is determined as described in [20, 28] . The calculation of the order parameter GP 2 (cosa)f d requires the estimation of k nr for the particular species associated with the long lifetime. In a multicomponent membrane system, k nr for one component cannot be determined. Hence, k nr for the membrane-bound dye was determined as follows. The radiative rate k r for the membrane-bound dye is independent of the orientation when the refractive indices of the membrane phase (n 1 ) and aqueous phases (n 0 ) match (see Eq. 4). Therefore, the value of k r in the membrane was taken equal to the value of k r determined in an aqueous glycerol solution whose refractive index matched with that of the membrane [28] . In order to minimize the errors associated with this method, the experiments on lipid systems described here were carried out at 5³C which decreases the contribution of non-radiative processes to the £uorescence lifetime.
The phase transition temperatures for the lipids used in this study are as follows: 32, 24 and 41³C for the saturated lipids C12:0, C14:0 and C16:0, respectively, and below 0³C for the unsaturated lipids C14:1 and C16:1 [37^39] . Thus, at the temperature where the experiments were carried out, i.e., at 5³C, C14:0 and C16:0 remain in the gel phase and others are in the liquid crystalline phase.
Order parameter from anisotropy measurements
The second rank order parameter can also be determined from the values of anisotropy at in¢nite time (r r ) and at zero time (r 0 ) using the equation [1, 40, 41] GP 2 cosa f a r r r 0 1 2
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The subscript a indicates that the order parameter is determined from the anisotropy data. This measures the orientational freedom of the probe population in the bilayer.
Results

Location of DODCI
The £uorescence of DODCI in lipid vesicles arises due to the dye partitioned between the aqueous phase and the membrane phase [27, 29] . Fluorescence measurements were done at long excitation (580 nm) and emission wavelengths (690 nm) so that the contribution to the measured £uorescence decay from the dye component in aqueous phase is negligible [27, 29] . In all the lipid bilayer vesicles made of di¡er-ent lipids used in this study, the membrane-bound DODCI showed two lifetimes, the short lifetime d s W1.0 ns and the long lifetime d l W2.0 ns. The values of the lifetimes in the case of di¡erent lipid systems are given in Table 1 . With the variation of sucrose concentration in the aqueous phase, these two lifetimes showed di¡erent trends compared to that of the dye present in the aqueous phase. Fig. 2 shows the typical trend observed for the dye in aqueous solution and when bound to the membrane. As mentioned before, increase of sucrose increases both the viscosity and refractive index of the aqueous medium. Increase of viscosity increases the £uorescence lifetime and this e¡ect is predominant for the dye molecules that are located near the surface of the membrane. Increase of refractive index decreases the £uorescence lifetime and this e¡ect is observable for the dyes located in the core of the membrane. With the increase of the sucrose concentration in the aqueous phase, the d s component at ¢rst showed a slight decrease or no variation and then increased with the increase in sucrose concentration. The ob-served trend is a dominant viscosity e¡ect over the refractive index e¡ect and is characteristic of the dye molecules located on the surface region of the membrane [27, 29] . The long lifetime steadily decreases which is a refractive index e¡ect indicating that this lifetime corresponds to that of the dye located in the interior region of the bilayer membrane [27^29]. The ratio of the amplitudes (K i in Eq. 2) of the long and short lifetimes is equal to the ratio of population of the dye molecules in the interior and surface regions of the membrane with the assumption that the radiative rate and molar extinction coe¤cient at the excitation wavelength for the dye in the two locations are the same.
3.1.1. E¡ect of chain length Fig. 3A and B show the variation of the amplitudes of the long and short lifetimes of the membrane bound dye with the alkyl chain length. Fig.  3A shows the case for the saturated lipids C12:0, C14:0 and C16:0 and Fig. 3B shows the case of unsaturated lipids C14:1 and C16:1. As discussed earlier, the amplitudes of the short and long lifetimes of the membrane-bound DODCI represent the populations of the dye in two di¡erent locations: surface and interior regions of the bilayer, respectively. It is clear from the ¢gure that in both the cases of saturated and unsaturated lipids, the dye population located in the interior of the membrane decreases with the increase of the lipid chain length. That means, the dye penetrating into the membrane decreases with the increase of the chain length. This e¡ect is so severe that in the case of lipids with longer alkyl chains such as C18:0 (DSPC) and C20:0 (DAPC), the dye penetrating into the interior of the membrane is extremely low and no long lifetime component was observed. This e¡ect of chain length on location is found to be the same for those lipids that exist in the gel phase (C14:0 and C16:0 at 5³C) as well as for those that are in the liquid crystalline phase (C14:1 and C16:1 at 5³C).
E¡ect of unsaturation
The e¡ect of lipid unsaturation on the amplitudes of the short and long lifetimes of membrane-bound DODCI are shown in Fig. 3C and D. Fig. 3C and D show the variation with the presence of one double bond for the lipid chain length 14 (C14:0 and C14:1) and 16 carbon atoms (C16:0 and C16:1), respectively. It is clear from the ¢gure that the fraction of the dye located in the interior (long lifetime) of the bilayer has increased with unsaturation in the lipid chain. At 5³C, the saturated lipids C14:0 and C16:0 are in the gel phase whereas the unsaturated lipids C14:1 and C16:1 are in the liquid crystalline phase. 3m where n 0 is the refractive index of the aqueous medium in which vesicles were made. The values of anisotropy at in¢nite time (r r ) determined from time resolved anisotropy decay are also shown. Anisotropy at zero time (r 0 ) is determined to be 0.375 from the time resolved anisotropy decay of DODCI in glycerol. 
Orientation of DODCI
As described in the previous section, a signi¢cant fraction of the dye (d long ) is located in the interior region of the bilayer. The order parameter GP 2 f d for this population was determined from the refractive index e¡ect on the long lifetime and GP 2 f a was determined from the time resolved anisotropy measurements, as described in Section 2. Table 1 shows the long lifetimes and the two order parameters obtained in di¡erent lipid vesicles. The two order parameters were used to obtain the bimodal orientational distribution of DODCI in di¡erent lipid bilayer membranes, according to the Brownian rotational di¡u-sion (BRD) model [28] . In this case, the orientational distribution P(a) is considered as a sum of two orientational populations, one centered about the membrane normal PP(a) and the other parallel to the membrane surface PQ(a).
where a is the angle measured with respect to the membrane normal. P(a) has to satisfy the normalization condition: Z 0 Pa sina da 1 9
GP 2 f d is calculated with respect to the membrane normal as Fig. 3 . Variation of the amplitudes of the long and short lifetimes of the membrane bound DODCI with the alkyl chain length and unsaturation. These two amplitudes represent the relative fraction of the dye located at two di¡erent sites: core and surface regions of the bilayer respectively. The sum of the two amplitudes is normalized to unity. A and B indicate the variation with the alkyl chain length for saturated and unsaturated lipids respectively. C and D show the variation with unsaturation for the case of C14:0 and C14:1; and C16:0 and C16:1 respectively.
GP 2 f a is calculated by taking into account the fact that the director axes for the two distributions are mutually perpendicular.
In the simplest case of the Maier-Saupe model [10, 26] , the two orientational distributions PP(a) and PQ(a) can be written as
where a 1 and a 2 are the amplitudes and V 1 ( s 0) and V 2 ( s 0) are the adjustable parameters consistent with the normalization condition (Eq. 9). Fig. 4A shows the orientational distribution and Fig. 4B shows the population distribution obtained in the case of DODCI in C14:1. The fractional populations f para and f perp were calculated from the area of the two distributions in Fig. 4B . In general, the population oriented parallel to the membrane normal (f para ) is higher than that oriented perpendicular to the membrane normal (f perp ) in the bimodal orientational distribution for all lipids. The results of fractional populations in the two orientations for all lipids are summarized in Fig. 5 .
E¡ect of chain length
The variation of the fractional amplitudes in the two orthogonal orientational distributions with the chain length are shown in Fig. 5A and B. Fig. 5A shows the case for saturated lipids (C12:0, C14:0 and C16:0) and Fig. 5B shows the variation in the case of unsaturated lipids (C14:1 and C16:1). The fraction of the probe molecules oriented parallel to the lipid chain (f para ) increases with the increase of the chain length for both saturated and unsaturated lipids. The observed e¡ect of chain length is the same for both the gel phase lipids (C14:0 and C16:0 at 5³C) and for the liquid crystalline phase lipids (C14:1 and C16:1 at 5³C). Fig. 5C and D show the variation in the fractional amplitudes of the two orientational distributions with the unsaturation in the lipid chain. These two ¢gures show the variation with the presence of one double bond for the case where the lipid chain length is kept constant at 14 (C14:0 and C14:1) and 16 carbon atoms (C16:0 and C16:1), respectively. The probe molecules that are oriented parallel to the membrane normal decrease with the introduction of a double bond in the lipid chain.
E¡ect of unsaturation
Discussion
The solubilization of organic molecules and the location and orientation of organic molecules in the bilayer membrane have been the subject of numerous studies. In recent years, molecular dynamics simulations have given a better understanding of the structure of the bilayer and variation of physical properties (microviscosity, polarity, etc.) in di¡erent regions of the bilayer [42] . Based on several studies, a four region model for the bilayer membrane has been proposed [42] . Region 1 is the aqueous side of the bilayer called the region of`perturbed water'. Considerable mobility of lipid molecules in a direction perpendicular to the surface is indicated in this region. Region 2 is the interphase region that contains all of the head group atoms and some of the tail atoms. The density is maximum in this region and the free volume is minimum in this part of the bilayer. Region 3 is called`soft polymer' region consisting of partially ordered chains resembling a soft polymer in density and properties. This region has a high tail density and low free volume. Region 4 is the decane-like hydrocarbon region characterized by a low density and high fraction of free volume compared to other regions. The location of organic molecules in di¡erent regions will depend on the structure of the lipid, structure of the organic dye molecule and the free volume available for it in different regions of the bilayer. DODCI, being linear and cationic, we attribute the location of the dye present in the interior of the membrane, somewhere in between region 3 and region 4 of the proposed bilayer structure and hence most of the observed orientational distributions have a maximum popula- tion towards the parallel orientation along the membrane normal compared to the perpendicular orientation. More neutral molecules may penetrate deeper into the bilayer (completely into region 4) where the available free volume is large.
For the lipids that were used in this study the head group was the same and hence regions 1 and 2 are likely to be similar. The variation of alkyl chain length and unsaturation a¡ect the physical characteristics of regions 3 and 4. Phase transition temperature is clearly a manifestation of the lipid organization in these regions. At the temperature at which experiments were done (5³C), the lipids C14:0 and C16:0 exist in the gel phase whereas the other lipids C12:0, C14:1 and C16:1 are in the liquid crystalline phase. The results on the location and orientation of DODCI in the lipids of varying chain length show that increase of chain length decreases the amount of dye penetrating into the interior of the bilayer and in the interior of the bilayer, it increases the population of the dye molecules oriented parallel to the membrane normal compared to the perpendicular orientation. This is found to be true when the comparison is done among lipids that exist in the gel phase (C14:0 and C16:0), or among the lipids that exist in the liquid crystalline phase (C14:1 and C16:1). This indicates that the density of the lipid chains increases at the interior of the membrane with the increase of the chain length. This is evident from some of the experimental and simulation studies carried out on lipids of varying chain lengths which show that the interaction between the lipid chains of the two leaves of the bilayer is less for the membranes made up of shorter alkyl chain lengths compared to that of longer alkyl chain lengths [38, 43, 44] .
Comparison of the results between the saturated and unsaturated lipids (with one double bond) with the same alkyl chain length shows that the increase of unsaturation increases the penetration of the dye into the interior of the bilayer and the population of the parallel orientation with the membrane surface increases in the interior of the bilayer. At 5³C, the two saturated lipids C14:0 and C16:0 are in the gel phase whereas the two unsaturated lipids C14:1 and C16:1 are in the liquid crystalline phase. The presence of the cis double bond at the ninth position in the lipid chain results in the lower packing density of the unsaturated lipids compared to the saturated lipids, which is also responsible for the observed phase change from gel to liquid crystalline phase with unsaturation in these lipids. The penetration of the small molecules into the lipid bilayer is higher in the case of liquid crystalline bilayers compared to the gel phase bilayers [42, 44, 45] . Increased hydration levels of the bilayer with the increase of unsaturation in the lipid chain may also be due to lower packing density [15, 46, 47] . The increased area per head group in the liquid crystalline phase allows for more mobility of the hydrocarbon tails that reduces the tight packing of the lipid chains compared to the gel phase [42, 44, 45] . It is also observed that the mobility of the double bonded lipid chains is much higher, particularly at the position of the unsaturation compared to the saturated lipid chains [42, 44, 45] . In the case of unsaturated lipid chains, the average angle of the cis double bond with respect to the membrane normal is found to be close to 40³ [42, 44, 45] . Because of these factors, the free volume available in the interior of the membrane is less for the parallel orientation of the dye molecules in unsaturated lipids compared to the saturated lipids of the same chain length.
In summary, we have used the £uorescent probe DODCI in di¡erent lipid bilayer membranes to understand how the location and orientation of linear molecules in bilayer membranes are a¡ected by the lipid parameters such as alkyl chain length and unsaturation. The order parameter GP 2 f d and the relative populations in the two orientations in the bimodal orientational distribution, f para and f perp are the new parameters used in characterizing the orientational distribution of linear dye molecules in lipid bilayer membranes in addition to the conventional order parameter GP 2 f a . In the membranes made up of lipids with short alkyl chain length or with unsaturated alkyl chains, DODCI is preferentially located in the interior region of the bilayer compared to the surface. Short alkyl chain and unsaturation in the lipid chain increase the fractional population that is oriented perpendicular to the membrane normal. port of this work through NIH Fogarty Research Award TW 00704.
